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IATRODUCTION 

. .  , Ocean min ing ,  l a r g e - s c a l e  c o a s t a l  c o n s t r u c t i o n  p r o j e c t s ,  and ocean  
dumping c a n  increase t h e  suspended l o a d  of s e d i m e n t s  over l a r g e  areas of 
ocean.  
r e s e a r c h  on t h e  p o t e n t i a l  e n v i r o n m e n t a l  i m p a c t s  of t u r b i d i t y  plumes 
r e s u l t i n g  from t h e s e  t y p e s  of  a c t i v i t i e s  ( B o e h l e r t  e t  a l .  19851. I n t e r e s t  
i n  t h i s  s u b j e c t  e x t e n d s  beyond t h e  c o n c e r n s  o f  e n v i r o n m e n t a l  and f i s h e r i e s  
management. The q u e s t i o n  i s  r e l e v a n t  t o  b a s i c  a q u a t i c  ecology.  Organisms 
i n h a b i t i n g  es tuar ies ,  r ivers ,  and embayments a re  o f t e n  s u b j e c t e d  t o  h i g h l y  
t u r b i d  c o n d i t i o n s ,  b u t  o rgan i sms  of t h e  t r o p i c a l  p e l a g i c  realm l i v e  i n  
water t h a t  is very low i n  suspended matter. I n f o r m a t i o n  o n  t h e  a b i l i t y  of 
p e l a g i c  f i s h  larvae t o  t o l e ra t e  sed imen t  l o a d i n g  would c o n t r i b u t e  t o  o u r  
u n d e r s t a n d i n g  of t h i s  e c o l o g i c a l  pa rame te r .  
m u l t i d i m e n s i o n a l  i n  r e g a r d  t o  s i z e  d i s t r i b u t i o n  of  p a r t i c l e s ,  t o t a l  l o a d ,  . 
and chemica l  composi t ion.  The p o s s i b l e  b i o l o g i c a l  impac t s  a re  much more 
d i v e r s e  and i n v o l v e  a m u l t i t u d e  of s p e c i e s ,  d i f f e r e n t  l i f e  s t a g e s ,  and 
i n t e r a c t  i o n s .  

An i n t e r a g e n c y  p l a n n i n g  g r o u p  r e c e n t l y  emphasized t h e  need f o r  more 

The problem i s  p h y s i c a l l y  

The Programmatic Env i ronmen ta l  Impact S t a t e m e n t  ( N a t i o n a l  Oceano- 
g r a p h i c  and Atmospheric Agency 1981)  t h a t  was conduc ted  i n  r e s p o n s e  t o  t h e  
Deep Seabed Hard M i n e r a l s  Resources  Act and t h e  N a t i o n a l  Environmental  
P o l i c y  Act i d e n t i f i e d  a need f o r  more i n f o r m a t i o n  o n  t h e  p o s s i b l e  e f f e c t s  
of suspended s o l i d s  on f i s h  larvae.  S t u d i e s  o n  t h e  e n v i r o n m e n t a l  impact of 
min ing  o p e r a t i o n s  on p h y t o p l a n k t o n ,  macrozooplankton,  and a d u l t  f i s h  have 
been conduc ted  (Oz tu rgu t  e t  a l .  1980; Chan and Anderson 1981; H i r o t a  1981; 
Lavelle and O z t u r g u t  1981; Lavelle e t  a l .  1982; Matsumoto 1984).  Although 
these s t u d i e s  were d i r e c t e d  a t  e f f e c t s  o f  manganese n o d u l e  min ing ,  much of 
t h e  background material  and many of t h e  c o n c l u s i o n s  are r e l e v a n t  t o  
manganese c r u s t  mining as w e l l  as o t h e r  o p e r a t i o n s  t h a t  i n c r e a s e  sediment  
l o a d i n g  i n  t h e  p e l a g i c  environment .  The p r e v i o u s  s t u d i e s  i n c l u d e  d a t a  on 
d i s p e r s a l  of surface plumes and e f f e c t s  o f  suspended p a r t i c u l a t e  mater ia l  
on p h y t o p l a n k t o n  and zoop lank ton  i n  t h e  t r o p i c a l  p e l a g i c  realm. L a b o r a t o r y  
e x p e r i m e n t s  w i t h  t u n a s  exposed t o  l e v e l s  of  suspended  s o l i d s  e n c o u n t e r e d  
n e a r  min ing  o p e r a t i o n s  have a l s o  been  conducted ( B a r r y  1978).  Results 
s u g g e s t  t h a t  a d u l t  t u n a s  would n o t  b e  a f f e c t e d  by d i s c h a r g e  from mining 
o p e r a t i o n s .  The impact of p a r t i c u l a t e s  o n  t h e  s u r v i v a l  and growth of f i s h  
larvae h a s  n o t  been a d d r e s s e d  a d e q u a t e l y  as emphasized by  H i r o t a  (1981) and 
Matsumoto (1984). Larvae are  v e r y  d e l i c a t e  and l a c k  t h e  m o b i l i t y  t o  a v o i d  
sed imen t  plumes. The l a c k  of d a t a  on larvae of p e l a g i c  s p e c i e s  i s  due t o  
t h e  ex t r eme  d i f f i c u l t y  i n v o l v e d  i n  t h e i r  l a b o r a t o r y  c u l t u r e .  The s p e c i e s  
chosen f o r  t h i s  s t u d y  was t h e  d o l p h i n ,  Corvphaena h i p p u r u s ,  known as  t h e  
mahimahi i n  H a w a i i .  

MATERIALS AND METHODS 

Experiments  were conduc ted  a t  the  Kewalo R e s e a r c h  F a c i l i t y  of  t h e  
Southwest F i s h e r i e s  C e n t e r  Honolulu L a b o r a t o r y ,  where t h i s  s p e c i e s  h a s  been  
c u l t u r e d  t h r o u g h  i t s  e n t i r e  l i f e  c y c l e .  
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Production of Eggs and Larvae 
Used in the Experiments 

A d u l t  mahimahi brood s t o c k  was m a i n t a i n e d  a t  t h e  Kewalo Research 
* 

F a c i l i t y  i n  l a r g e  c i r c u l a r  t a n k s  of 7.2 m d i a m e t e r  and 1 m d e p t h  s u p p l i e d  
w i t h  a c o n t i n u o u s  f l o w  of a e r a t e d  seawater p r o v i d i n g  a t u r n o v e r  time of 
(1 h. The f i s h  were m a i n t a i n e d  i n  t e m p e r a t u r e s  of 23" t o  25°C and f e d  a 
d i e t  of s q u i d ,  f i s h ,  and v i t a m i n s .  The b rood  s t o c k  t y p i c a l l y  spawned e v e r y  
o t h e r  day. 

. . r ,  

Mahimahi e g g s  a re  s p h e r i c a l  (1.5 t o  1.7 mm d i a m e t e r )  and buoyant .  
They were norma l ly  c o l l e c t e d  w i t h i n  a n  hour  of spawning w i t h  a f i n e  mesh 
d i p  n e t  as  t h e y  f l o a t e d  n e a r  t h e  s u r f a c e .  Eggs were t r a n s f e r r e d  i n t o  
c y l i n d r i c a l  150 L l a b o r a t o r y  a q u a r i a  t h a t  c o n t a i n e d  m i l d l y  a e r a t e d  f i l t e r e d  
seawater. Under these c o n d i t i o n s  t h e  eggs  w i l l  h a t c h  w i t h i n  50 t o  60 h . 
a f t e r  spawning. Newly h a t c h e d  mahimahi l a r v a e  measu re  a p p r o x i m a t e l y  4.5 t o  
5.5 mm s t a n d a r d  l e n g t h .  Marine m i c r o a l g a e ,  T e t r a s e l m i s  sp.  and I s o c h r v s i s  
sp . ,  were added t o  m a i n t a i n  water q u a l i t y .  A t  25"-26°C t h e  y o l k  i s  
abso rbed  by day 2 p o s t h a t c h ,  so t h e  t a n k  was i n o c u l a t e d  a t  t h a t  time w i t h  
p l a n k t o n i c  r o t i f e r ,  Brachionus sp. ,  a t  a c o n c e n t r a t i o n  of a p p r o x i m a t e l y  
2/ml. T h i s  c o n c e n t r a t i o n  of food  was m a i n t a i n e d  t h r o u g h o u t  t h e  e n t i r e  
expe r imen t  . 

Selection of Sediment Types and 
Sedimentation Levels to be Tested 

. A t y p i c a l  mar ine  min ing  o p e r a t i o n  ( r ev iewed  i n  Matsumoto 1984)  would 
have a d i s c h a r g e  c o n c e n t r a t i o n  on t h e  o r d e r  of 6 mg/L of  suspended s o l i d s .  
The materials mix o r  s i n k  r a p i d l y  i n  t h e  water column, and w i t h i n  15 min 
are d i l u t e d  t o  a c o n c e n t r a t i o n  of  (1 mg/L. A f t e r  24 h t h e  d i s c h a r g e  plume 
d i s s i p a t e s  t o  a c o n c e n t r a t i o n  o f  (0.05 mg/L. 

T y p i c a l  ocean  dumping o p e r a t i o n s  of d r e d g e  s p o i l s  o f f  Oahu caused  a 
measu rab le  i n c r e a s e  i n  t u r b i d i t y  of t h e  r e c e i v i n g  waters f o r  a r e l a t i v e l y  
s h o r t  p e r i o d  of 2 t o  5 h (Env i ronmen ta l  P r o t e c t i o n  Agency 1980),  a l t h o u g h  a 
v i s u a l l y  n o t i c e a b l e  plume c a n  sometimes p e r s i s t  f o r  much l o n g e r  (J. 3. 
Naughtonl) .  
a f t e r  dumping was 60 mg/L (Chave and  Miller 1977).  
d i s s i p a t e d  t o  a c o n c e n t r a t i o n  of 1 mg/L o r  less. 

The h i g h e s t  c o n c e n t r a t i o n  o b s e r v e d  i n  t h e  water immedia t e ly  
T h i s  was r a p i d l y  

Suspended s o l i d  c o n c e n t r a t i o n  i n  t h e  s u r f a c e  waters immedia t e ly  
downstream of t h e  B a r b e r s  P o i n t  c h a n n e l  d r e d g i n g  o p e r a t i o n  ( F e b r u a r y  1983 
t o  October  1983) was a p p r o x i m a t e l y  20 mg/L o r  l e s s  ( H a r r i s o n  1986) .  
t h i s  v a l u e  r a p i d l y  d i m i n i s h e d  t o  levels  of 1 mg/L o r  less as t h e  plume 
d i s p e r s e d  o f f s h o r e .  The most t u r b i d  i n s h o r e  waters found i n  Hawaii are  i n  
d i s t u r b e d  areas t h a t  had been  p r e v i o u s l y  dredged and f i l l e d  (e.g., Honolulu 
Harbor  o r  Keehi  Lagoon). 

Again, 

These "worst  cases" t y p i c a l l y  c o n t a i n  a t o t a l  

'5. J. Naughton, F i s h e r y  B i o l o g i s t ,  Western P a c i f i c  Program O f f i c e ,  
Honolulu,  H I  96822-2396, d a t e ,  p e r s .  commun.) 
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suspended s o l i d  l o a d  of  o n l y  a b o u t  6 mg/L (Chapman 1979) and are d i l u t e d  t o  
levels well below 1 mg/L as t h e y  a re  c a r r i e d  o f f s h o r e  by c u r r e n t s .  
. -  

I n  sum, t h e  h i g h e s t  c o n c e n t r a t i o n  of suspended  sed imen t  r e s u l t i n g  from 
ocean  mining ,  ocean  dumping, o r  coas ta l  c o n s t r u c t i o n  i s  h i g h l y  l o c a l i z e d  
w i t h  a maximum c o n c e n t r a t i o n  of from 5 t o  50 mg/L. 
areas of ocean are s u b j e c t e d  t o  plumes w i t h  a suspended  l o a d  of  1 mg/L o r  
less  of suspended s o l i d s .  
t i o n s  of suspended s o l i d s  of 5 t o  50 t o  mg/L i s  p r o b a b l y  (15 m i n  and 
pro longed  (1 t o  2 h )  exposure  t o  suspended  s o l i d  l e v e l s  of 1 mg/L o r  less. 

I n  g e n e r a l ,  l a r g e r  

R e a l i s t i c  exposure  t imes  of la rvae  t o  concen t r a -  

Our i n i t i a l  tests were d e s i g n e d  t o  exceed  t h i s  a n t i c i p a t e d  " t y p i c a l  
env i ronmen ta l  l o a d i n g  level" of approx ima te ly  1 mg/L by several o r d e r s  of 
magnitude. Loading levels  were s e t  a t  0 ,  500, 1 ,000 ,  2 ,000,  4,000, and 
8 ,000  mg/L. 
(1983) and B o e h l e r t  and Morgan (1985) i n  s t u d i e s  of t h e  e f f ec t  of suspended 
s o l i d s  o n  t h e  eggs  and larvae of t h e  P a c i f i c  h e r r i n g .  Subsequent  tests 
would be conducted  a t  lower c o n c e n t r a t i o n s  i f  i n d i c a t e d  by p r e l i m i n a r y  
r e s u l t s .  

These a r e  t h e  same c o n c e n t r a t i o n s  u s e d  by  B o e h l e r t  e t  a l .  

Incubation Chambers 

One of t h e  t e c h n i c a l  problems encoun te red  i n  t h i s  s t u d y  was t h e  d e s i g n  
of an a p p a r a t u s  t h a t  c o u l d  k e e p  t h e  sed iment  suspended  i n  t h e  water w h i l e  
p r o v i d i n g  low- turbulence  c o n d i t i o n s  s u i t a b l e  f o r  t h e  ma in tenance  of t h e s e  
organisms.  We t h u s  chose  t o  u s e  t h e  a p p a r a t u s  p r e v i o u s l y  used  i n  a series 
of expe r imen t s  o n  t h e  e f f ec t s  of  t u r b i d i t y  on f e e d i n g  a b i l i t i e s  of larvae 
of t h e  P a c i f i c  h e r r i n g  ( B o e h l e r t  and Morgan 1985) .  T h i s  a p p a r a t u s  c o n s i s t s  
of small  (1 L) i n c u b a t i o n  chambers t h a t  are  g e n t l y  f l u s h e d  w i t h  r e c i r c u l a t -  
i n g  seawater. The i n i t i a l  two expe r imen t s  t h a t  e v a l u a t e d  e f f ec t s  of 
sediment o n  egg development  and h a t c h i n g  were conducted  i n  t h i s  a p p a r a t u s .  
We d i d  n o t  o b t a i n  any e v i d e n c e  t h a t  t h e  chambers  i n f l u e n c e d  egg  development  
o r  h a t c h i n g  r a t e  as w i l l  b e  shown i n  t h e  r e s u l t s  s e c t i o n .  The c o n t a i n e r s  
d i d ,  however, i n f l i c t  h i g h  m o r t a l i t y  on t h e  la rvae  of C. h i p p u r u s  a f t e r  
h a t c h i n g .  T h i s  n e c e s s i t a t e d  u s e  of l a r g e r  c o n t a i n e r s  f o r  t h e  l a r v a  tes ts .  
A ser ies  of f o u r  expe r imen t s  was d e s i g n e d  t o  compare 24-h l a rva l  m o r t a l i t y  
i n  t h e  B o e h l e r t  and Morgan (1985)  a p p a r a t u s  w i t h  m o r t a l i t y  i n  l a r g e  volume 
(30 L) chambers p r e v i o u s l y  used  a t  t h e  Kewalo Research  F a c i l i t y  t o  c u l t u r e  
t h e  mahimahi larvae. A l l  larvae d i e d  w i t h i n  24 h i n  t h e  smaller chambers 
r e g a r d l e s s  of flow rate, l e v e l  of t u r b u l e n c e ,  or a g e  of larvae. Very low 
rates  of 24 h m o r t a l i t y  o c c u r r e d  i n  t h e  30-L c o n t r o l  c o n t a i n e r s .  Larvae of 
- C. h i p u u r u s  seem t o  be u n a b l e  t o  w i t h s t a n d  mechan ica l  damage i n f l i c t e d  by 
bumping i n t o  t h e  wal ls  of small c o n t a i n e r s ,  s o  t h e  l a r g e r  c o n t a i n e r s  were 
u s e d  i n  t h e  tests. 

Large  amounts of sed iment  c o u l d  be suspended  i n  t h i s  sys tem by p l a c i n g  
a n  a i r s t o n e  i n  t h e  v e r t e x  of t h e  concave bottom. The c o n t a i n e r s  used  were 
40  cm i n  d i a m e t e r  w i t h  v e r t i c a l  w a l l s  of  25  c m  t h a t  s l o p e d  t o  a maximum 
d e p t h  of 3 0  cm i n  t h e  c e n t e r  of t h e  c o n t a i n e r .  An a i r  flow of  500 cc/min 
c r e a t e d  enough t u r b u l e n c e  t o  k e e p  t h e  c l a y  and s i l t  i n  s u s p e n s i o n ,  y e t  n o t  
damage t h e  larvae. L i t t l e  o r  no sed imen t  was able t o  a d h e r e  t o  t h e  s t e e p  
c o n t a i n e r  wal l s .  The t u r b u l e n t  c o n v e c t i o n  c u r r e n t  from t h e  a i r s t o n e  a t  t h e  
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I l owes t  p o i n t  on t h e  concave bot tom was s u f f i c i e n t  t o  p r e v e n t  s e t t l i n g  of 

f i n e  suspended material .  
h o l d i n g  t h e  c o n t a i n e r s  i n  a t h e r m a l l y  r e g u l a t e d  water b a t h .  A l l  
-exp'eriments were conduc ted  a t  t h e  same level  of c o n t r o l l e d  i l l u m i n a t i o n  
( a p p r o x i m a t e l y  5 0  f c  from f l u o r e s c e n t  40-W t u b e s ) .  
c y c l e  of  13 h o n  and 11 h o f f  was m a i n t a i n e d  t h r o u g h o u t  t h e  expe r imen t .  

Tempera tu re  was m a i n t a i n e d  a t  2 6 "  2 1°C by 

An a r t i f i c i a l  day-night  

Sediment 

S e v e r a l  t y p e s  of s ed imen t  were t e s t e d .  We s e l e c t e d  material  
r e p r e s e n t a t i v e  of t h a t  which might  impact t h e  p e l a g i c  environment  of  t h e  
larval  mahimahi. These i n c l u d e  s e d i m e n t s  t y p i c a l  of t h e  t y p e  produced by 
c o a s t a l  c o n s t r u c t i o n ,  d r e d g i n g  f o r  h a r b o r  c o n s t r u c t i o n  and ma in tenance ,  
ocean mining,  and ocean  dumping. Most of  t h e s e  materials are c h e m i c a l l y  
i n e r t  m i n e r a l s .  P o t e n t i a l  t o x i n s  and h i g h  o r g a n i c  b i o c h e m i c a l  oxygen 
demand c o u l d  b e  a problem w i t h  some s e d i m e n t s  s u c h  as h a r b o r  d r e d g i n g s .  
G r a i n  s i z e  d i s t r i b u t i o n  o f  a l l  materials u s e d  i n  t h e  e x p e r i m e n t s  was 
de te rmined  w i t h  a C o u l t e r  Coun te r  u s i n g  t h e  method of Hirota (1981) .  
R e s u l t s  o f  t h e  a n a l y s i s  a r e  shown i n  T a b l e  1. A d e s c r i p t i o n  o f  t h e s e  
sed imen t s  f o l l o w s :  

Kaolin 

Hyra ted  aluminum s i l i c a t e  i s  o n e  of t h e  p r i m a r y  end w e a t h e r i n g  
p r o d u c t s  o f  v o l c a n i c  rock  and f e r r o m a g n e s i a n  m i n e r a l s .  
of t h i s  s i l i c a t e  c l a y  (Sigma Chemical Company K-73752) which c o n s i s t s  of 
p a r t i c l e s  i n  t h e  0.1 t o  4 m s i z e  r a n g e .  

We used a p u r e  form 

Bent on it e (Montmor il l o n i t  e 

T h i s  aluminum-magnesium s i l i c a t e  c l a y  i s  a p r imary  w e a t h e r i n g  p r o d u c t  
o f  v o l c a n i c  rock  and f e r r o m a g n e s i a n  m i n e r a l s .  I n  t h e  w e a t h e r i n g  series i t  
i s  a p r e c u r s o r  of  k a o l i n .  We u s e d  a p u r e  form of t h i s  c lay  (Sigma Chemical 
Company B-3378). 
used t o  seal  water r e s e r v o i r s  a g a i n s t  seepage.  

T h i s  c l a y  h a s  a h igh  swell t o  s h r i n k  r a t i o  and i s  o f t e n  

P e l a g i c  Carbonate Clay 

C a l c a r i o u s  ooze  dredged from n e a r  G a r d i n e r  P i n n a c l e s  was u s e d  i n  t h e s e  
expe r imen t s .  It i s  t y p i c a l  of  material  t h a t  migh t  b e  b r o u g h t  t o  t h e  
s u r f a c e  of  t he  ocean  d u r i n g  ocean min ing  o p e r a t i o n s  a t  s h a l l o w e r  d e p t h s .  

P e l a g i c  Red Clay 

Red c l a y  dredged from n e a r  G a r d i n e r  P i n n a c l e s  was used  as a t y p i c a l  
sediment  from t h e  d e e p e r  ocean  t h a t  i s  commonly a s s o c i a t e d  w i t h  manganese 
n o d u l e s  . 

2 R e f e r e n c e  t o  t r a d e  names d o e s  n o t  imply endorsement  by t h e  N a t i o n a l  
Marine F i s h e r i e s  S e r v i c e ,  NOAA. 
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Pulverized Manganese Crust 

, Samples  of manganese c r u s t  f rom t h e  E x c l u s i v e  Economic Zone i n  t h e  
'Northwestern Hawaiian I s l a n d s  were p u l v e r i z e d  i n t o  f i n e  sed iment  i n  a 
m o r t a r  and  p e s t l e  and passed  th rough  a 100- m mesh sieve. 
material r e p r e s e n t s  one  t y p e  of  f i n e  sed iment  t h a t  might  r e s u l t  from a n  
ocean  min ing  o p e r a t i o n .  

The p u l v e r i z e d  

Barbers Point (Oahu) Deep Draft Harbor 
Carbonate Mud Dredge Spo i l s  

Mud was dredged  from t h e  bottom of  t h e  i n n e r  Barbers P o i n t  Deep D r a f t  
Harbor n e a r  t h e  comple t ion  of d r e d g i n g  o p e r a t i o n s  i n  J u l y  1985. 
harbor  was d redged  o u t  of a n  emergent  reef p l a t f o r m ,  and t h e  d r e d g e  s p o i l s  
c o n s i s t  almost e n t i r e l y  of c a r b o n a t e  materials. Organ ic  matter was 
ex t r eme ly  l o w  o r  a b s e n t  i n  t h e  s p o i l s  as  i n d i c a t e d  by l a c k  of a n o x i a ,  even 
when t h e  sed imen t s  were s t o r e d  i n  a cove red  p a i l  f o r  many weeks. The 
material i s  a c a r b o n a t e  mud t y p i c a l  of t h a t  p roduced  by  d redg ing  o r  e r o s i o n  
of co ra l  reefs. The mater ia l  was f u r t h e r  f r a c t i o n a t e d  by r e s u s p e n s i o n  i n  
water and t h e  c o a r s e  f r a c t i o n  a l lowed  t o  s e t t l e  o u t  w i t h i n  t h e  f i r s t  10 
min. The suspended  f i n e  material  was d e c a n t e d  i n t o  a n o t h e r  c o n t a i n e r  and 
a l lowed t o  f u l l y  s e t t l e .  

T h i s  

Dredgings from Pearl Harbor, Oahu 

Dredge s p o i l s  from h a r b o r s  are  commonly dumped a t  sea. E x t e n s i v e  
sed iment  plumes r e s u l t ,  w i t h  unknown consequences  t o  t h e  s u r r o u n d i n g  
p e l a g i c  ecosys t em (J. Naughton, f n .  1). Material used  i n  t h i s  s t u d y  was 
dredged f rom t h e  bot tom of t h e  main s h i p  c h a n n e l  i n  P e a r l  Harbor ,  Hawaii a t  
a l o c a t i o n  a d j a c e n t  t o  t h e  main s h i p y a r d .  T h i s  t y p e  of material  d i f f e r s  
from t h e  o t h e r s  i n  t h a t  i t  h a s  a h i g h e r  o r g a n i c  c o n t e n t .  
cou ld  c o n t a i n  t o x i c  s u b s t a n c e s  as w e l l ,  s u c h  as heavy metals, hydrocarbons ,  
and hydrogen s u l f i d e .  

Harbor  d r e d g i n g s  

Experimental Procedure 

The p r o p e r  amounts of sed iment  were weighed and set a s i d e .  The amount 
I of moist 

measured w e t  t o  d r y  w e i g h t  r a t i o  f o r  each  sed imen t  type.  The e x p e r i m e n t a l  

e q u i l i b r a t e  i n  t h e  c o n s t a n t  t e m p e r a t u r e  water  b a t h  w h i l e  b e i n g  a e r a t e d  a t  a 
r a t e  of 500  ccfmin.  Two l i t e r s  of  water were r e t a i n e d  f o r  l a t e r  u s e  i n  

sed imen t  t o  b e  added  t o  e a c h  t r e a t m e n t  was c a l c u l a t e d  u s i n g  
~ 

I a q u a r i a  were f i l l e d  w i t h  29 L of f i l t e r e d  seawater and a l lowed  t o  
~ 

, homogenizing sed iment  w i t h  a f o o d  b l e n d e r  and f o r  r i n s i n g  t h e  s t o c k  
I sediment  from t h e  b l e n d e r  i n t o  t h e  e x p e r i m e n t a l  a q u a r i a .  L a r v a l  f i s h  were 
~ 

I 
~ 

t h e n  g e n t l y  added t o  each  c o n t a i n e r  s i n c e  t h e y  a re  v e r y  e a s i l y  damaged by 
handl ing .  Such damage was minimized by u s i n g  a bowl t o  c a r e f u l l y  scoop  
i n d i v i d u a l  larvae from t h e  r e a r i n g  c o n t a i n e r  and g e n t l y  p l a c i n g  them i n t o  
t h e  e x p e r i m e n t a l  chamber. F o r  f e e d i n g  larvae,  t h e  a q u a r i a  were s t o c k e d  
w i t h  r o t i f e r s  a t  approx ima te ly  2/ml. 
w i t h  a p o r t i o n  of t h e  r ema in ing  l i t e r  of seawater i n  a commercial b l e n d e r  
and s l o w l y  added t o  t h e  e x p e r i m e n t a l  a q u a r i a .  

Sediment  was t h e n  mixed i n t o  a s l u r r y  

The l a s t  p o r t i o n  of seawater 
I 
1 
1 

was used  t o  r i n s e  t h e  b l e n d e r  i n t o  t h e  e x p e r i m e n t a l  aquarium. 
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E f f e c t s  of Suspended S o l i d s  on Egg Surv iva l ,  
Development, and Hatching Rate 

. _  
Experiment E-1 was d e s i g n e d  t o  tes t  t h e  e f f e c t  of s ed imen t  l o a d  on egg 

development.  Sediment t y p e  was B a r b e r s  P o i n t  Deep D r a f t  d r e d g e  t a i l i n g s .  
The expe r imen t  was conduc ted  i n  t h e  chambers d e s c r i b e d  by B o e h l e r t  and 
Morgan (1985) u s i n g  f o u r  r e p l i c a t e s  each a t  s i x  t r e a t m e n t  l eve ls  (0, 500, 
1,000, 2,000, 4 ,000 ,  and 8,000 mg/L). Twenty f e r t i l e  eggs  ( a p p r o x i m a t e l y  8 
h p o s t f e r t i l i z a t i o n )  were added t o  each of t h e  24 chambers. D u r a t i o n  of  
t h e  expe r imen t  was 24 h, a f t e r  which time t h e  e g g s  were examined w i t h  a 
m i c r o s c o p e  f o r  m o r t a l i t y  o r  r e t a r d e d  development.  

Experiment E-2 w a s  r u n  i n  t h e  same manner as expe r imen t  E-1, e x c e p t  
t h a t  f i n e  k a o l i n  was used  as suspended  s o l i d ,  b e c a u s e  t h e  c a r b o n a t e  d r e d g e  
t a i l i n g s  used  i n  expe r imen t  E-1 d i d  n o t  p roduce  egg  m o r t a l i t y  even a t  t h e  
e x t r e m e l y  heavy l o a d i n g s  of  8,000 mg/L. F i n e  k a o l i n  i s  v e r y  " s t i c k y "  and 
can a d h e r e  t o  s u r f  aces. 

: . 

Experiment E-3 was a c o n t i n u a t i o n  o f  e x p e r i m e n t  E-2, b u t  e x t e n d e d  
e x p o s u r e  time from t h e  o r i g i n a l  24 h t o  a f u l l  4 d of e x p o s u r e  t o  a l l o w  
enough time f o r  a l l  eggs t o  h a t c h .  We l e n g t h e n e d  e x p o s u r e  t i m e  b e c a u s e  of 
t h e  l a c k  of egg m o r t a l i t y  i n  24 h, even a t  t h e  h i g h e s t  c o n c e n t r a t i o n  of 
8,000 mg/L of k a o l i n .  

Effects of Suspended S o l i d s  on 
Larvae Mortal i ty  and Feeding 

T h i s  se r ies  of e x p e r i m e n t s  was d e s i g n e d  t o  i d e n t i f y  t h e  most sensi t ive 
la rva l  s t a g e  and a l s o  t o  i d e n t i f y  p o s s i b l e  d i f f e r e n c e s  i n  t h e  impact  of 
d i f f e r e n t  s ed imen t  t y p e s .  A l l  of t h e  e x p e r i m e n t s  on l a r v a e  were conduc ted  
i n  t h e  same manner as d e s c r i b e d  above b u t  u sed  t h e  l a r g e r  30-L c o n t a i n e r s .  
The e x p e r i m e n t s  d i f f e r e d  from each  o t h e r  o n l y  i n  t y p e  of s ed imen t ,  age  of 
larvae,  and exposure  time. The d i f f e r e n c e s  between t h e  v a r i o u s  e x p e r i m e n t s  
a r e  n o t e d  i n  T a b l e  3 .  Each expe r imen t  i n v o l v e d  t h e  u s e  of  s i x  t r e a t m e n t s  
r u n  s i m u l t a n e o u s l y  and proceeded i n  a l o g i c a l  o r d e r ,  w i t h  each b e i n g  based 
on r e su l t s  o f  t h e  p r e v i o u s  one. 
consuming, e s p e c i a l l y  t h o s e  i n v o l v i n g  larvae t h a t  were of f e e d i n g  age. 
Also, t h e  n e c e s s i t y  of u s i n g  v e r y  l a r g e  c o n t a i n e r s  t o  i n s u r e  l a r v a l  
s u r v i v a l  p r e c l u d e d  t h e  use  of m u l t i p l e  r e p l i c a t e s .  T h e r e f o r e ,  it was 
n e c e s s a r y  t o  r u n  a n  e x p e r i m e n t ,  review t h e  r e s u l t s ,  and t h e n  p l a n  t h e  n e x t  
l o g i c a l  one. R e p e t i t i o n  of t h i s  p r o c e d u r e  was c o n t i n u e d  u n t i l  w e  had 
deve loped  c o n f i d e n c e  i n  t h e  o b s e r v e d  t r e n d s .  

These e x p e r i m e n t s  a re  e x t r e m e l y  time 

One i m p o r t a n t  p o i n t  must b e  emphasized he re .  Long-term e x p e r i e n c e  i n  
t h e  c u l t u r i n g  of t h i s  s p e c i e s  a t  t h i s  l a b o r a t o r y  s u g g e s t s  t h a t  o n e  can o n l y  
compare r e s u l t s  between t r e a t m e n t s  i n  a c o n t r o l l e d  expe r imen t  where  a l l  
l a r v a e  a re  t a k e n  from t h e  same b a t c h  of eggs  and w h e r e  a l l  l a r v a e  u s e d  i n  
t h e  expe r imen t  have been r e a r e d  i n  t h e  same c o n t a i n e r .  D i f f e r e n t  b a t c h e s  
of larvae can b e  more or less s e n s i t i v e  depend ing  on many e n v i r o n m e n t a l ,  
g e n e t i c ,  and n u t r i t i o n a l  f a c t o r s  t h a t  canno t  b e  a d e q u a t e l y  p r e d i c t e d  o r  
c o n t r o l l e d  between b a t c h e s .  I n  work w i t h  s u c h  d e l i c a t e  f i s h  larvae,  
m o r t a l i t y  can b e  h igh  even w i t h i n  t h e  c o n t r o l  t r e a t m e n t .  Because t h e  
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Tab le  2 .--Summary of egg m o r t a l i t y  and h a t c h i n g  d a t a  f o r  eggs  of  Corvphaena 
h ippurus .  Legend of a b b r e v i a t i o n s :  B = b e n t o n i t e ,  BP = d r e d g i n g s  from Barbe r s  
Po in t  Deep D r a f t  Harbor,  C = c a l c a r e o u s  ooze,  K = k a o l i n i t e ,  MC = manganese 
c r u s t , '  PH = d r e d g i n g s  from P e a r l  Harbor ,  R = r e d  c l a y .  

Eg g Sediment 
s t o c k i n g  Exposure Eg g Eg g Egg 

No. Date (No./L) Type (mg/L) ( h )  N (%I ( 2 )  (73 

F i l  8 / 2 7 / 8 5 :  1 BP 0 2 4  2 0  0 Normal -- 
500 2 4  2 0  0 Normal -- 

2 , 0 0 0  2 4  2 0  0 Normal -- 
4 , 0 0 0  2 4  2 0  0 Normal -- 
8,000 2 4  2 0  0 Normal -- 

EXP. d e n s i t y  C o n c e n t r a t i o n  t i m e  m o r t a l i t y  development  ha t ch  

-- 1,000 2 4  2 0  0 No r m  a1 

E-2 8/2 9 / 8 5 :  2 0 K 0 2 4  80 0 Normal -- 
5 00 2 4  80 0 Normal -- 

1,000 2 4  80 0 Normal -- 
2 , 0 0 0  2 4  80 0 Normal -- 

-- 4 , 0 0 0  2 4  80 0 Normal 
8,000 2 4  80 0 Normal -- 

E-3 8 /31 /81  2 0  K 0 96 80 5 Normal 95' 
500  96 80 0 Normal 100 

1,000 96 80 7 Normal 93 
2 , 0 0 0  96 80 0 Normal 100 
4 , 0 0 0  96 80 2 Normal 98 
8 , 0 0 0  96 80 10 Normal 90 
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Table 3.--Summary of m o r t a l i t y  and f e e d i n g  d a t a  f o r  l a r v a e  of Corvphaena h ippurus .  
Legend of abbrev ia t ions :  B = b e n t o n i t e ,  BP = dredg ings  from Barbers  Po in t  Deep Dra f t  
Harbor, C = ca lca reous  ooze,  K = k a o l i n i t e ,  MC = manganese c r u s t ,  PH = dredg ings  from 
Pear l  Harbor,  R = r e d  c l a y .  

Sediment R o t i f e r  Larva 
Larva s tock ing  s t o c k i n g  Larva Feeding1 

Exp. age d e n s i t y  Concen t r a t ion  d e n s i t y  Time m o r t a l i t y  
No. Date ( d )  (No./L) Type (mg/L) (No./L) (h) ( % I  R o t i f e r s  Cys ts  

L-1 11/6 /85  0 1.7 K 0 0 2 1 4  -- 
50 0 0 2 16 -- 

1,000 0 2 22 -- 
2,000 0 2 l o  -- 
4,000 0 2 16 -- 
8,000 0 2 28 -- 

L-2 11/10 /85  3 1.7 K 0 0 2 42 -- 
1,000 0 2 20 
2,000 0 2 12  -- 
4,000 0 2 30 
8,000 0 2 50 

-- -- 500 0 2 -- 
-- 
-- 
-- L-3 11/13/85 0 1.7 B 0 0 2 0 -- 50 0 0 2 30 

1,000 0 2 58 -- 
2,000 0 2 30 
4,000 0 2 26 
8,000 0 2 62 

L-4 11/14/85 7 1.7 K 0 5 2 0 
500 5 2 4 

1 ,000 5 2 4 
2,000 5 2 0 
4,000 5 2 12 
8,000 5 2 12 -- 

-- -- 
-- 
-- 
-- -- -- 
-- 

L-5 11/16/85 3 1.7 B 0 

1,000 
2,000 

8,000 

L-6 1/7/86 5 1.7 K 0 
50 0 

1,000 
2,000 
4,000 
8,000 

500 

4,000 

L-7 1/15 /86  3 1.0 . K  

L-8 1/24 /86  4 1.7 None 
K 
C 

RC 
B 

MC 

L-9 2/4 /86  7 1.7 None 
RC 
RC 
MC 
MC 
K 

L-10 3 / 6 / 8 6  7 1.0 None 
PH 
PH 
PH 
PH 
PH 

0 
500 

1,000 
2,000 
4,000 
8,000 

0 
I,OOO 
1,000 
1,000 
1,000 
1,000 

0 
500 

500 

500 

0 
500 

1,000 

1,000 

1,000 
2,000 
4,000 
8,000 

0 
0 
0 
0 
0 
0 

5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 

5 
5 
5 
5 
5 
5 

2 0 
2 0 
2 0 
2 2 
2 4 
2 12 

2 6 
2 30 
2 26 
2 26 
2 52 
2 100 

2 4  20 
2 4  17 
24  6 
2 4  17 
2 4  1 4  
2 4  17 

24  26 
2 4  68 
2 4  54  
24 32 
2 4  100 
2 4  46 

2 0 
2 0 
2 0 
2 0 
2 4 
2 0 

2 8 
2 8 
2 6 
2 0 
2 3 
2 11 

16.3 
21.1 

2.0 
0.9 
1.4 -- 

3.1 
3.9 
1 .6 
0.9 
1.7 -- 

21.0 2.6 
9.1 1.4 
3.2 1.6 
0.8 0.4 
2.6 2.2 
0.6 1.0 

1I tems per gu t .  
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larvae must  be t r a n s f e r r e d  and counted ,  even  w i t h  c a r e f u l  h a n d l i n g ,  some 
damage i s  i n f l i c t e d ,  Of t en  t h e r e  is a f a i r l y  h i g h  r a t e  of m o r t a l i t y  i n  
some b a t c h e s  of newly h a t c h e d  larvae, even w i t h o u t  hand l ing .  

RESULTS 

General Observations 

Egg Development, Mortality and Hatching Rate 

Near ly  t o t a l  egg s u r v i v a l  w a s  obse rved  a f t e r  24 h i n  a l l  t r e a t m e n t s  of 
expe r imen t  E-1 w i t h  no d i f f e r e n c e s  i n  r a t e  of deve lopment ,  up  t o  and 
i n c l u d i n g  t h e  h i g h e s t  s ed imen t  l o a d i n g  of 8,000 mg of sed iment  p e r  l i t e r  
( T a b l e  2) .  
mater ia l  dredged  from t h e  Barbers P o i n t  Deep Draft  Harbor o n  Oahu, 
expe r imen t  E-2, e g g s  were examined p e r i o d i c a l l y  b u t  d i d  n o t  show 
d i f f e r e n c e s  i n  development  rate. In expe r imen t  E-3, egg h a t c h  was n e a r l y  
100% i n  a l l  t r e a t m e n t s  as i n f e r r e d  by t h e  empty egg  cases w i t h  c i r c u l a r  
e s c a p e  h o l e s .  A few eggs  f a i l e d  t o  h a t c h ,  b u t  t h e s e  were n o t  r e s t r i c t e d  t o  
any t r e a t m e n t  and d i d  n o t  seem t o  be r e l a t e d  t o  sed imen t  l o a d i n g  l e v e l .  
T h i s  l i n e  of  i n v e s t i g a t i o n  was t e r m i n a t e d  b e c a u s e  w e  obse rved  l i t t l e  o r  no 
e f f e c t  of sed iment  on  development  r a t e ,  egg m o r t a l i t y  r a t e ,  and h a t c h i n g  
r a t e  even w i t h  96 h of exposure  t o  e x t r e m e l y  h i g h  levels  of suspended  
s o l i d s .  

Larva Mortality Rate 

The sediment  used  i n  t h e  f i r s t  expe r imen t  was c a r b o n a t e  
I n  

T h r e e  f a c t s  are i m p o r t a n t  i n  r e v i e w i n g  t h e  r e s u l t s  of t h e  l a r v a l  f i s h  
expe r imen t s  p r e s e n t e d  i n  T a b l e  3. 
m o r t a l i t y  i n  a c o n t r o l  t r e a t m e n t  w i t h  some b a t c h e s  of larvae. Note r e s u l t s  
of expe r imen t s  L-1, 6 2 ,  L-7, and L-8. Second, egg q u a l i t y  and  t h e  
r e s u l t a n t  larvae c o n d i t i o n  may v a r y  c o n s i d e r a b l y  among b a t c h e s .  We can  
g e n e r a l l y  compare r e s u l t s  of t r e a t m e n t s  w i t h i n  a n  expe r imen t ,  b u t  n o t  
between expe r imen t s .  
l e v e l s  i n  t h e  p r e l i m i n a r y  expe r imen t s ,  g i v i n g  u s  a v e r y  l a r g e  margin  f o r  
error when a p p l y i n g  t h e  r e s u l t i n g  m o r t a l i t y  d a t a  ( i .e . ,  no m o r t a l i t y  
obse rved  a t  h i g h  leve ls  of sed imen t  l o a d i n g )  t o  t h e  "real  world" s i t u a t i o n .  
I n  a d d i t i o n ,  t h e  e x p e r i m e n t a l  f i s h  la rvae  were s t r e s s e d  by h a n d l i n g  and 
presumably were i n  poor c o n d i t i o n  compared t o  t h e i r  w i l d  c o u n t e r p a r t s .  I n  
t h i s  r e s p e c t  t h e  d a t a  are c o n s e r v a t i v e  and  c a n  be a p p l i e d  t o  f i e l d  
s i t u a t i o n s  where t h e  larvae are p robab ly  i n  much b e t t e r  c o n d i t i o n  and more 
c a p a b l e  of w i t h s t a n d i n g  sed imen t  stress. 

F i r s t ,  w e  o c c a s i o n a l l y  obse rved  h i g h  

T h i r d ,  t h e  sed imen t  l o a d i n g  was se t  a t  v e r y  h i g h  

I n  many of t h e  e x p e r i m e n t a l  r u n s  ( expe r imen t s  L-4, 6 5 ,  L-9, L l O ) ,  w e  
obse rved  l i t t l e  o r  no m o r t a l i t y  a t  ex t r eme ly  heavy l o a d i n g s  (1,000 mg/L o r  
more) of r e d  c l a y ,  manganese c r u s t ,  dredged mater ia l  from t h e  P e a r l  Harbor 
Shipyard  area, k a o l i n ,  and b e n t o n i t e .  I n  o t h e r  r u n s ,  w e  obse rved  h i g h e r  
m o r t a l i t y  t h a t  seemed t o  be r e l a t e d  t o  t h e  c o n d i t i o n  of t h e  a n i m a l s  r a t h e r  
t h a n  t h e  e x p e r i m e n t a l  t r e a t m e n t s  ( expe r imen t s  L-1, 6 2 ,  L-6, 6 7 ,  L-8). I n  
e i t h e r  case t h e  p r e s e n c e  of e x t r e m e l y  heavy l o a d i n g  of suspended  s o l i d s  had 
l i t t l e  a p p a r e n t  e f f e c t  o n  t h e  p a t t e r n  of m o r t a l i t y .  
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An anomalous s i t u a t i o n  o c c u r r e d  i n  e x p e r i m e n t a l  t r e a t m e n t s  c o n t a i n i n g  
b e n t o n i t e .  T h i s  c l a y  i s  a t y p i c a l  i n  t h a t  i t  swells when wet and can form 

. *  f l s c s  when p u t  i n t o  suspens ion .  
caused h i g h e r  m o r t a l i t y  ( e x p e r i m e n t s  6 3  and L-8). 
cannot  e x p l a i n ,  b e n t o n i t e  d i d  n o t  cause e x c e s s i v e  m o r t a l i t y  i n  e x p e r i m e n t  
L-5. Pe rhaps  t h e  l a r v a e  were o r i g i n a l l y  i n  b e t t e r  c o n d i t i o n .  
t h i s  area needs  more i n v e s t i g a t i o n .  
dumping o p e r a t i o n  t h a t  p r e c i p i t a t e s  f l o c s  w i l l  b e  a c a u s e  of  g r e a t e r  
concern.  

The f l o c s  a p p e a r e d  t o  t r a p  larvae and 
F o r  r e a s o n s  t h a t  w e  

I n  any e v e n t  
Any t y p e  of ocean  mining o r  ocean  

t Larval Feeding Rate 

Gut c o n t e n t  a n a l y s i s  i n d i c a t e s  t h a t  h i g h  c o n c e n t r a t i o n s  o f  suspended 
s o l i d s  s e v e r e l y  impacted t h e  a b i l i t y  of  larvae t o  f e e d  i n  t h e  2-h exposure  
( T a b l e  3 ,  expe r imen t  6 6 )  and t h e  24-h e x p o s u r e  ( T a b l e  3 ,  expe r imen t  6 7 ) .  -. 
Even a 2-h r e d u c t i o n  i n  f e e d i n g  c o u l d  b e  a s e r i o u s  problem f o r  larvae i n  
poor  n u t r i t i o n a l  c o n d i t i o n .  We s u s p e c t  t h a t  was t h e  s i t u a t i o n  i n  
expe r imen t  G 6  a t  t h e  8,000 mg/L t r e a t m e n t  l e v e l  where  100% m o r t a l i t y  
r e s u l t e d  from a 2-h exposure.  

Larval Behavior in  Re la t ion  to Sediment Plumes 

During t h e  c o u r s e  of t h e  above e x p e r i m e n t s ,  it became a p p a r e n t  t h a t  
t h e  f i s h  larvae were c a p a b l e  of r i s i n g  above a t u r b i d i t y  plume. 
would r i s e  t o  t h e  s u r f a c e  as  sed imen t  s l u r r y  was s l o w l y  b e i n g  added t o  t h e  
c o n t a i n e r s .  Larvae caugh t  by t h e  plume moved v e r t i c a l l y  i n t o  water above 
t h e .  t u r b i d  layer. A e r a t i o n  produced a g e n t l e  c u r r e n t  i n  t h e  c o n t a i n e r s  
t h a t  k e p t  t h e  larvae mixed t h r o u g h o u t  t h e  water column, b u t  t h e y  would move 
t o  t h e  s u r f a c e  a s  soon as a e r a t i o n  was t e r m i n a t e d .  

La rvae  

DISCUSSIOR 

The r e s u l t s  of t h e s e  e x p e r i m e n t s  w i t h  eggs  and larvae of  t h e  d o l p h i n  
are c o n s i s t e n t  w i t h  r e s u l t s  of a l a r g e  body of l i t e r a t u r e  on e f f e c t s  of 
suspended s o l i d s  on o t h e r  p e l a g i c  b i o t a .  Based o n  our  o b s e r v a t i o n s ,  it 
a p p e a r s  t h a t  e g g s  and l a r v a e  of d o l p h i n  are  n o t  e x t r e m e l y  s e n s i t i v e  t o  the 
i n c r e a s e d  l o a d i n g  of sediment  t h a t  might  r e s u l t  from marine min ing ,  ocean  
dumping o r  c o a s t a l  c o n s t r u c t i o n .  As s t a t e d  e a r l i e r ,  s u c h  a c t i v i t i e s  migh t  

p o i n t  of d i s c h a r g e ,  b u t  s ed imen t  c o n c e n t r a t i o n  d e c r e a s e s  r a p i d l y  as  t h e  
. plume d i s p e r s e s .  High c o n c e n t r a t i o n s  are e x t r e m e l y  l o c a l i z e d  ( t o  w i t h i n  a 

few hundreds of meters from t h e  d i s c h a r g e  p o i n t )  and do not p e r s i s t  v e r y  
long  ( p e r h a p s  f o r  1 5  min) b e f o r e  mix ing  d i m i n i s h e s  c o n c e n t r a t i o n  t o  a few 
mil l igrams p e r  l i t e r .  The i n c r e a s e d  d e n s i t y  of water c o n t a i n i n g  t h e  s o l i d s  
l e a d s  t o  r a p i d  s i n k i n g .  Waves and c u r r e n t s  r a p i d l y  d i s p e r s e  t h e  r ema in ing  
s o l i d s .  
mg/L. Eggs of t h i s  s p e c i e s  were c u l t u r e d  a t  e x t r e m e l y  h igh  l eve l s  of 
suspended s o l i d s  ( u p  t o  8,000 mg/L) t h r o u g h o u t  t h e  e n t i r e  development t i m e  
w i t h o u t  any a p p a r e n t  i n c r e a s e  i n  m o r t a l i t y  o r  l o w e r i n g  of  h a t c h i n g  s u c c e s s .  
S i m i l a r  r e s u l t s  o n  o t h e r  s p e c i e s  have b e e n  r e p o r t e d  ( B o e h l e r t  e t  a l .  1983).  
Likewise,  l a r v a e  were r e l a t i v e l y  i n s e n s i t i v e  t o  e x t r e m e l y  heavy l o a d i n g s  

i produce l o a d i n g  levels  of from 5 t o  50 mg/L of suspended  s o l i d s  a t  t h e  

A r e a l i s t i c  l o a d i n g  leve l  f o r  a l a r g e  plume i s  on t h e  o r d e r  of 1 



. -*,  

1 2  

exceeding  500 t o  1,000 mg/L f o r  v a r i o u s  sed imen t s  of t h e  t y p e  t h a t  most 
commonly impact t h e  p e l a g i c  realm due t o  human a c t i v i t y .  
. .  

Suspended s o l i d  c o n c e n t r a t i o n  d i d  n o t  i n f l u e n c e  m o r t a l i t y  i n  most 
s i t u a t i o n s ,  bu t  d i d  have a d r a m a t i c  impact  on f e e d i n g  r a t e  a s  p r e v i o u s l y  
shown by B o e h l e r t  and Morgan (1985) .  
t h a t  r ea l  w o r l d  t u r b i d i t y  p lumes  w i l l  n o t  b e  d e n s e  enough o r  p e r s i s t e n t  
enough t o  s e v e r e l y  impact l a r v a l  f e e d i n g  r a t e .  

However, a v a i l a b l e  f i e l d  d a t a  s u g g e s t  

Larvae  have a very Limi ted  swimming a b i l i t y  and would seem t o  be  
unab le  t o  avo id  sed iment  plumes. We noted  t h a t  a l t h o u g h  swimming speed  is r 

not  g r e a t  i n  l a r v a l  f i s h e s ,  t h e i r  v e r t i c a l  ra te  of  movement can a l l o w  them 
t o  e s c a p e  plumes i n  s t r a t i f i e d  water masses.  The v e r t i c a l  d i s t a n c e  
r e q u i r e d  t o  e s c a p e  a s u r f a c e  p lume i s  o n l y  a m a t t e r  of a few meters, 
whereas h o r i z o n t a l  e x t e n t  of a plume i s  much g r e a t e r .  r 

I n  c o n c l u s i o n ,  w e  found t h a t  i t  was v e r y  d i f f i c u l t  t o  k i l l  eggs  o r  
l a r v a e  of mahimahi, even w i t h  ex t r eme ly  heavy l o a d i n g s  o f  v a r i o u s  t y p e s  of 
sediment  t h a t  might  r e s u l t  f rom ocean  dumping, ocean  mining ,  o r  c o a s t a l  
c o n s t r u c t i o n  a c t i v i t i e s .  T h i s  o b s e r v a t i o n  i s  i n  agreement  w i t h  t h e  
c o n c l u s i o n s  of o t h e r  workers  s u c h  a s  H i r o t a  (19811,  who conducted  
expe r imen t s  w i t h  zoop lank ton ,  and Matsumoto (19841, who summarized e x i s t i n g  
d a t a  on f i s h e s  and f i s h  l a r v a e .  Other  e n v i r o n m e n t a l  f a c t o r s  such  as 
t e m p e r a t u r e  and n u t r i t i o n  seem t o  b e  ex t r eme ly  impor t an t .  E f f e c t s  of human 
a c t i v i t y  on m o d i f i c a t i o n  o f  t h e s e  pa rame te r s  might  have a f a r  g r e a t e r  
impact on  f i s h  s t o c k s  t h a n  t h e  d i r e c t  e f f e c t  of h i g h  l e v e l s  of sed iments .  
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